Background Preclinical studies demonstrated antiproliferative synergy of 1,25-D 3 (calcitriol) with cisplatin. The goals of this phase I/II study were to determine the recommended phase II dose (RP2D) of 1,25-D 3 with cisplatin and docetaxel and its efficacy in metastatic non-small-cell lung cancer. Methods Patients were C18 years, PS 0-1 with normal organ function. In the phase I portion, patients received . Among 20 evaluable phase II patients, there were 2 confirmed, 4 unconfirmed partial responses (PR), and 9 stable disease (SD). Median time to progression was 5.8 months (95 % CI 3.4, 6.5), and median overall survival 8.7 months (95 % CI 7.6, 39.4). CYP24A1 SNP rs3787554 (C [ T) correlated with disease progression (P = 0.03) and CYP24A1 SNP rs2762939 (C [ G) trended toward PR/SD (P = 0.08). There was no association between 1,25-D 3 PK and CYP24A1 SNPs. Conclusions The RP2D of 1,25-D 3 with docetaxel and cisplatin was 60 mcg/m 2 every 21 days. Pre-specified endpoint of 50 % confirmed RR was not met in the phase II study. Functional SNPs in CYP24A1 may inform future studies individualizing 1,25-D 3 .
Introduction
The current standard of care for initial therapy for metastatic NSCLC is the use of platinum doublet in patients with a good performance status (PS) whose tumors lack EGFR or ALK mutation [1] . Response rates for doublet therapies are between 25 and 30 %, with a median survival time of about eight months [2] . While adding biologics, such as bevacizumab to platinum doublets, increases median survival to about 12 months in a subgroup of nonsquamous NSCLC patients [3] , advanced lung cancer remains a uniformly fatal disease. 1,25-D 3 has antiproliferative activity in many solid tumors and synergistically enhanced cisplatin cytotoxicity in multiple cell lines [4] . Pre-treatment of human squamous cell carcinoma cells with 1,25-D 3 reduces their capacity to repair cisplatindamaged DNA [5] . 1,25-D 3 also decreases cellular expression of p53 and p21, in both in vitro and in vivo models, enhancing cytotoxicity of cisplatin [6] . The addition of 1,25-D 3 to cisplatin in dogs with spontaneous solid tumors increases the response rate compared to cisplatin alone. Three out of seven dogs treated with 1,25-D 3 and cisplatin exhibited a complete clinical response [7] . At supraphysiological doses, 1,25-D 3 may lead to hypercalcemia [8] . It has also been demonstrated that use of dexamethasone increases the cytotoxic activity of 1,25-D 3 and mitigates 1,25-D 3 induced hypercalcemia [9] . We hypothesized that 1,25-D 3 may improve response rates to cisplatin-based chemotherapy in patients with advanced NCSLC. The phase I study tested the hypothesis that 1,25-D 3 can be safely combined with standard platinum-based therapy in patients with NSCLC at doses required to generate biologically effective blood concentrations observed in mice and dogs. The efficacy of 1,25-D 3 in combination with cisplatin/dexamethasone/docetaxel at the maximum tolerated dose (MTD) (determined during phase I) was assessed by enrolling patients in a phase II study. We also hypothesized that single nucleotide polymorphisms (SNPs) in the CYP24A1 gene could alter expression of the 24-hydroxylase enzyme and impact the rate at which an individual can metabolize 1-25-D 3 , and therefore the activity of 1,25-D 3 .
Our goals in this study were to (a) establish the MTD and dose-limiting toxicities (DLT) of intravenous (I.V.) 1,25-D 3 in combination with cisplatin and docetaxel (phase I), (b) to assess the efficacy of combining 1,25-D 3 with cisplatin and docetaxel at the recommended phase II dose (RP2D) (phase II), (c) to perform pharmacokinetic (PK) studies of I.V 1,25-D 3 in the phase II study, using a limited sampling technique and explore a correlation between PKs of 1,25-D 3 and SNPs in the CYP24A1 gene.
Materials and methods

Patient criteria
Key inclusion criteria included histologically or cytologically confirmed metastatic (pleural metastasis or IV) nonsmall-cell lung cancer (NSCLC) in patients [18 years who were chemotherapy naïve with evaluable or measurable disease (for phase II) defined by the Response Evaluation Criteria in Solid Tumors (RECIST), Eastern Cooperative Oncology Group (ECOG) performance status (PS) of 0 to 1, with adequate bone marrow function (neutrophils [ 1,500/lL, hemoglobin[10 g/dL and platelets[100,000/ lL), adequate hepatic function (total bilirubin within the upper limit of the institutional normal range, transaminases (SGOT or SGPT) B1.5 times the upper limit of the institutional normal range), adequate renal function (creatinine within the upper limit of the institutional normal range; creatinine clearance C50 mL/min). Patients had to have normal cardiac function or compensated heart disease with no history of unstable angina or CHF in the 6 weeks prior to study entry. Palliative radiation was permitted as long as the amount of bone marrow exposed was not [10 %. Palliative radiation to brain metastasis was allowed as long as 2 weeks had elapsed following whole brain radiation; no wait was required for stereotactic radiosurgery. Women could not be pregnant or lactating. The expected life expectancy at study enrollment of least 3 months was required. Prior adjuvant chemotherapy use was permitted.
Key exclusion criteria included presence of any grade C2 peripheral neuropathy or history of severe hypersensitivity reaction to 1,25-D 3 [7] . Subsequent dose levels were 45, 60, and 80 mcg/m 2 . Three patients were entered at each dose level. In the absence of dose-limiting toxicity (DLT), the next dose level of 1,25-D 3 was explored. If DLT was seen in one patient, three further patients were added at that dose level. If no additional DLT was seen, escalation to the next dose level occurred. MTD was the highest dose level that resulted in DLT in not more than 1 out of 6 patients. MTD was based on the first cycle of therapy administered; to be evaluable, a patient must have completed 1 cycle of therapy. The recommended phase II dose (RP2D) was defined as the MTD derived from the phase I study. Intrapatient dose escalation was not permitted. Cisplatin/docetaxel was administered immediately following 1,25-D 3 , I.V every 3 weeks. To prevent allergic reactions to docetaxel and to mitigate 1,25-D 3 associated hypercalcemia, dexamethasone 4 mg orally, twice daily was administered starting the day before chemotherapy for 3 days.
A DLT was any of the following toxicities that were attributable to study treatment on cycle 1: Hypercalcemia, defined as an increase in corrected serum calcium C12 mg/ dL persisting [7 days or \7 days if symptomatic, any corrected calcium C13 mg/dL (symptomatic or asymptomatic) or development of nephrolithiasis, symptomatic or radiographic. Hypophosphatemia was defined as a DLT if phosphate \1.5 mg/dL persisting for [10 days or phosphate \1.5 mg/dL associated with symptoms unequivocally related to hypophosphatemia: profound weakness, ventilatory compromise or serum phosphate \0.75 mg/dL. Sustained increases ([72 h) in creatinine of more than double the baseline and[2.5 mg/dL were also a DLT. Any grade 3 or greater non-hematological toxicity that could be attributed to cisplatin/docetaxel alone, dose delays of greater than 2 weeks, and any grade 4 hematological toxicity that lasted for greater than 7 days. Toxicity was graded according to the National Cancer Institute Common Terminology Criteria of Adverse Events version 3.0. The DLT definition was expanded at the start of dose level 3 (60 mcg/m 2 ) to include grade 4 hematological toxicity lasting greater than 7 days, all grade 5 events (except disease progression), any hospitalization/removal from study related to toxicities or adverse events from the study drugs and grade 3 or greater non-hematological toxicity other than alopecia and nausea/vomiting that is not maximally treated.
Standard dose modifications were defined for both docetaxel and cisplatin for both hematological and nonhematological toxicities. For Grade 3 and 4 toxicities, treat-ment had to be held until the toxicity resolved to Grade 1 or less, then reinstituted (if medically appropriate) at a 25 % dose reduction. If treatment was withheld for longer than three weeks due to Grade 3/4 toxicity, the patient was withdrawn from the study. No dose modifications were allowed for DLTs related to 1,25-D 3 , in which case patients had to be discontinued from study. Primary use of growth factors was not permitted in accordance with ASCO guidelines. Patients were continued on treatment unless they had unacceptable toxicities, evidence of progressive disease, up to a total of four cycles in the case of stable/responding disease, at the discretion of the investigator.
Clinical evaluation at baseline and follow-up
A complete medical history, physical examination, and pregnancy test for women with reproductive potential, complete blood count, and comprehensive chemistry profile were obtained within 1 week before treatment initiation. Baseline computed tomography (CT) scans of the chest and abdomen were obtained within 4 weeks before initiation of treatment. Complete blood count and comprehensive chemistry were repeated on a weekly basis. Calcium, phosphorous, and creatinine levels were measured before as well as 3 days after each 1,25-D 3 infusion. Medical history, physical examination, and toxicity assessment as per National Cancer Institute Common Toxicity Criteria 3.0 were done on days 1 and 15 of cycle 1 and on day 1 of each subsequent cycle. Corrected calcium was used to grade hypercalcemia [corrected calcium = serum calcium ? (Normal albumin -patient albumin) 9 0.8]. CT scans were repeated every two cycles to assess response. Responses were categorized according to the Response Evaluation Criteria in Solid Tumors. Responding patients in the phase II study were required to undergo a confirmatory CT scan in 30 days. Date of last follow-up on this study was February 2012.
Pharmacokinetics
Blood sampling and serum 1,25-D 3 measurements: 1,25-D 3 PK blood samples (7 mL) were obtained on the first day (day 1) of treatment of cycle 1 of the phase II portion of the study when only 1,25-D 3 was administered, thus eliminating the influence by docetaxel, cisplatin, and related premedications on serum 1,25-D 3 PK. Samples were collected before, at the end of the 1 h IV infusion, and 2 and 4 h after 1,25-D 3 administration. Serum was immediately separated by centrifugation at 1,0009g at 4°C for 10 min, protected from direct light and stored in 1-2 mL aliquots at -70°C until assayed for 1,25-D 3 . Serum 1,25-D 3 concentrations were determined using 1,25-dihydroxyvitamin D 3 -[I 125 ] RIA kit from DiaSorin Co. (Stillwater, MN) as previously described [11, 12] . Serum samples were diluted to fall within the range of the calibration curve (5-230 pg/mL) using 1,25-D 3 -free serum solution provided in the RIA kit. Limited sampling techniques [10] for pharmacokinetic (PK) sampling were utilized for 1,25-D 3 levels in the phase II portion of the study. The PK data were correlated with presence/absence of CYP24A1 polymorphisms in the phase II part of the study.
CYP24A1 genotype analysis
Five ml of whole blood for CYP24A1 genotyping was collected before treatment in the phase II arm of the study. DNA was extracted from the blood using a Q1Aamp Blood kit. (QIAGEN, Hilden, Germany). Using the Tagger algorithm implemented in the Haploview program and dense genotyping data from the HapMap database, we identified linkage disequilibrium (LD) tagging SNPs to capture variation with R 2 greater than 0.8. Selection was restricted to those with a minor allele frequency of greater than 5 % in the reference panel. Hardy-Weinberg equilibrium tests for each of the SNPs were performed using the Pearson goodness of fit test using a pre-determined cutoff of P value B.001. Listed in Table 4 are the SNPs studied.
Statistical analysis
Study Design/Endpoints: The design of the Phase I trial utilized a standard 3 ? 3 dose-finding scheme. Dose of 1,25-D 3 was escalated using cohorts of 3 patients as outlined above. The MTD was to be determined for 1,25-D 3 in combination with fixed doses of cisplatin. The phase II portion of this study was to be initiated using the MTD obtained from the phase I portion of the trial. All patients enrolled and receiving any therapy were evaluable for toxicity. The goal of the phase II study was to assess activity of 1,25-D 3 , cisplatin, and docetaxel in a two-stage sequential design. The endpoint was confirmed response rates (CR ? PR). The phase II portion of the trial was based on the hypothesis: H o : H 0 : P R 0:25H a : P R ! 0:45 where P R is the probability of response. The test statistic was simply the number of responses among the number of patients evaluable for response. The null hypothesis was the range of probabilities that are associated with an ''inactive'' therapeutic effect, and the alternative hypothesis was the range of probabilities associated with an ''active'' therapeutic effect. Previous studies that utilized docetaxel and cisplatin have shown response rates of about 30 % in advanced NSCLC. The two-stage design [13] was used. A maximum of 39 patients were needed for the phase II portion. In the first stage, 20 patients receiving the recommended phase II dose (RP2D) were evaluated for response (this includes the MTD cohort of response evaluable patients in the phase I portion); if the number of confirmed responses were less than or equal to 3, then the study was to be closed and the treatment deemed ineffective for this population. If 4 or more responses were observed, the study would go on to step 2 to enroll an additional 19 patients. If there were 14 or more responses observed in the enrolled 39 evaluable patients, then the regimen would be declared active. In addition to response assessment, for exploratory purpose, we utilized KaplanMeier estimates and the confidence intervals for time to progression (TTP) and overall survival (OS). Previous studies utilizing cisplatin and docetaxel as initial therapy for advanced NSCLC have yielded response rates of 31-35 % with a TTP ranging from 4-11 months [14, 15] . CYP24A1 SNP data were analyzed to determine whether there was a relationship between any single polymorphism or combinations of polymorphisms and serum 1,25-D 3 exposure and response (any PR vs SD vs PD). We used logistic models to analyze CYP24A1 associations with AUC and Cmax separately. The Jonckheere-Terpstra test was used to examine CYP24A1 polymorphism associations with response. All polymorphism analyses were exploratory and hypothesis generating, so multiple comparison adjustments were not made.
Results
Patient characteristics
Thirty-four patients were enrolled (18 in phase I and 16 in phase II) with a median age of 54 (range 34-79) years.
The male/female ratio was 22:12. All but two patients were white. There were 21 patients with adenocarcinoma, 12 with squamous cell carcinomas, and one not specified NSCLC. There were 4 patients with pleural metastasis and 30 with distant metastasis. There were 29 smokers (current and former) and 2 never smokers. The patient characteristics are outlined in Table 1 .
Phase I study Eighteen patients were enrolled, and 16 were evaluable for toxicity assessments. Two patients were not evaluable as they progressed prior to completion of cycle 1. Phase II component efficacy Twenty-two patients were treated at the RP2D, including five response evaluable phase I patients who received the RP2D during the phase I component. One patient in the phase II study went to another therapy prior to the 30 day window for a confirmatory scan and was thus excluded from analysis. Among 5 response evaluable Phase I patients, and 15 evaluable phase II patients, there were 2 confirmed partial responses (PR), 4 unconfirmed PRs, and 9 patients with stable disease (SD). There were 5 pts who progressed. Unconfirmed PRs were related to the fact that there was no requirement in the phase I portion (five patients at the MTD were counted in the phase II portion) for a confirmatory scan. Of the 2 confirmed partial responses, one was in a man with adenocarcinoma; the second patient was in a woman with squamous cell carcinoma with a durable (12 months) response. Another patient had stable disease, but multiple bone metastases increased in density, suggesting a responsive or healing effect on bone; this patient did not require further pain medications. The responses are depicted in a waterfall plot in Fig. 1 . The required number of confirmed partial or complete responses needed to continue as per the phase II design was 4 patients. Since this was not reached at interim analysis, the protocol was closed to accrual.
Safety
Hematological toxicities
The combination therapy of 1,25-D 3 and cisplatin and docetaxel was associated with myelosuppression. Of note, nearly half the patients had received palliative radiation prior to enrollment. Eight patients (45 %) in the phase I portion of the study exhibited grade 3 or greater neutropenia with cycle 1. Grade 4 neutropenia was the DLT. One patient with febrile neutropenia died as a result of infection. Table 2 demonstrates toxicities Cgrade 2 with cycle 1 as well as all cycles in the phase I portion of the study. In the phase II portion of the study at the 60 mcg/m 2 , there were 9 patients (50 %) with grade 3/4 neutropenia in any cycle (Supplementary Table 1 ).
Non-hematological toxicities
The most frequent grade 1-2 toxicities encountered, based on percentage of cycles delivered, were fatigue (50 %) and anemia (29 %). The most common non-hematological adverse events Cgrade 3 were fatigue, diarrhea, nausea, and dehydration. There was no hypercalcemia noted. One patient developed renal failure as a result of infection in the setting of febrile neutropenia. Supplementary Table 1 lists the most frequently observed adverse events Cgrade 3 considered possibly, probably, or definitely related to study therapy for the 22 patients treated in the phase II cohort at RP2D.
Time to progression and overall survival
The median time to progression was 5.8 months (95 % CI 3.4, 6.5), and the median overall survival was 8.7 months (95 % CI 7.6, 39.4) (Fig. 2) . In a univariate analysis, greater TTP correlated with female sex having a 72 % decreased hazard of progression than males and adenocarcinoma histology having a 88 % decreased hazard of progression compared to squamous carcinoma. Interestingly, baseline calcitriol serum concentrations [50 pg/mL corresponded with improved overall survival compared to concentrations \50 pg/mL (Table 3) .
Pharmacokinetics
Baseline serum 1,25-D 3 levels (C 0 ) were from the pretreatment serum samples, and peak serum 1,25-D 3 concentrations (Cmax) were from the samples obtained at the end of the infusion. A limited sampling strategy [16] 
Pharmacogenomic analysis
Twenty-two patients had genotype data and 20 were evaluable for Response (9 SD, 2 confirmed PR and 4 unconfirmed PR and 5 PD). The GG allele in rs 2762939 Table 4 . Discussion 1,25-D 3 has antitumor and differentiating activities in pre-clinical models of cancer. Specifically, synergy for activity between 1,25-D 3 and cisplatin has been demonstrated both in in vitro and in vivo studies [5, 7] . Thus, we hypothesized that 1,25-D 3 would improve the response rate to cisplatin-based therapy in metastatic NCSLC. Previous pre-clinical data indicated that antitumor activity is 1,25-D 3 concentration dependent-antitumor activity increases as concentrations are escalated from 1 to 100 nmol/L [17] . The maximal antitumor effects are seen with pharmacological doses of 1,25-D 3 and that such exposure can be safely achieved in animals using a high dose, intermittent schedule of administration. AUC and C (max) 1,25-D 3 concentrations of 32 ng h/ml and 9.2 ng/ml are associated with striking antitumor effects in a murine squamous cell carcinoma model [9] . In dog studies, the MTD was 3.75 lg/kg (1DLT consisting of severe hypercalcemia). At 2.25 lg/kg, which generates a mean Cmax of 16 nM, there were no DLTs noted [7] . Using a conversion factor described by Freireich et al. [18] , we believed that a SD of 30 lg/m 2 was safe. This phase I clinical trial is the first to investigate use of I.V. 1,25-D 3 in advanced metastatic NSCLC. The present study was designed to identify the MTD dose of 1,25-D 3 in combination with cisplatin and docetaxel in this disease. The MTD of I.V. 1,25-D 3 in combination with cisplatin and docetaxel was 60 mcg/m 2 (equivalent to about 120 mcg) administered every 3 weeks. DLTs, in the form of grade 4 neutropenia, were noted. The DLTs we observed in the form of grade 4 neutropenia could have been due to the chemotherapy alone; however, the effect of 1,25-D 3 on this cannot be excluded. It is to be noted that the definition of DLT was expanded to include grade 4 hematological toxicity at the start of dose level 3. Previous studies of 1,25-D 3 PKs in combination with paclitaxel or carboplatin did not reveal any alteration of PK parameters of the chemotherapeutic drugs. Additionally, a large phase III study of cisplatin docetaxel in advanced NSCLC revealed a myelosuppression rate of 41 %, not dissimilar to what we noted [14] . It is of interest that there were no dose-limiting toxicities which could be attributable to 1,25-D 3 (e.g., hypercalcemia). This may have been due to concurrent administration of pre-chemotherapy dexamethasone. We demonstrated that high doses of I.V. 1,25-D 3 up to 120 mcg in an intermittent schedule every 3 weeks could be given safely in advanced NSCLC patients. Previous studies have demonstrated that weekly doses ranging from 74 to 120 mcg are safe [8, 19] . The dosing regimen employed in the present trial achieved mean AUC and C max 1,25-D 3 concentrations of 32 ng h/ml and 3.5 ng/ml (concentrations associated with antiproliferative effects in mice) [20] . Despite these serum concentrations, we did not see an increase in response rate to cisplatin-based chemotherapy or an improvement in progression-free or overall survival compared to studies of cisplatin/docetaxel alone. We believe that this may relate to lung cancer heterogeneity and varying degrees of CYP24A1 expression by the tumor. In fact, we have recently demonstrated that increased CYP24A1 mRNA expression, the major vitamin D 3 catabolizing enzyme, in tumor tissues of NSCLC patients is associated with poor prognosis [17] . We also demonstrated that antiproliferative effects of 1,25-D 3 are proportional to CYP24A1 mRNA in various lung cancer cell lines. Given our recent data that CYP24A1 is a potential predictive marker of 1,25-D 3 activity in NSCLC, individualized treatments based on tumor genotype merit exploration. We also tested our hypothesis that various SNPs in the CYP24A1 gene may correlate with systemic exposure to 1,25-D 3 and therefore response. CYP24A1 plays a pivotal role in maintaining vitamin D homeostasis. CYP24A1 SNPs or haplotypes have also been associated with other diseases in humans, including coronary artery disease and asthma [21, 22] . Our group previously demonstrated that splice variants of CYP24A1 resulting from certain SNPs can influence the activity of 1-25D 3 in prostate cancers [23] . Roff et al. demonstrated that a functional SNP in the VDRE of CYP24A1 promoter led to decreased protein binding and transactivation in vitro, and reduced expression of CYP24A1 in human lymphocytes; importantly, this functional SNP was noted in African Americans [24] . While we could not find such a statistically important relationship between CYP24A1 SNPs and PK parameters, we found a negative predictive value of CYP24A1 genotype in patients who may not respond to exogenous 1,25-D 3 . Despite the fact that previous transgenic rodent studies have supported the role of the CYP24A1 gene on stability of plasma levels of 1,25-D 3 [25] , the current study did not establish any association between rs2762939 and 1,25-D 3 serum concentrations. It remains possible that the identified SNP may influence 1,25-D 3 locally and, consequently NSCLC, without affecting vitamin D stores, as reflected by 25(OH)D levels or peak concentrations of 1,25-D 3 in the serum. Further functional characterizations of these SNPs and their relationship to vitamin D metabolism need to be performed. Future planned studies may include a prospective study of a combination of tumor genotypes (high/low CYP24A1 mRNA) and patient phenotype (specific CYP24A1 SNPs) to identify patients who may benefit from 1,25-D 3 .
